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Development  of  controlled  growth  and  vertically  aligned  ZnO/CuO  core-shell  heterojunction  nanowires
(NWs)  with large  area  by a  catalyst  free  vapor  deposition  and  oxidation  approach  has  been  investigated.
Structural  characterization  reveals  successful  fabrication  of a  core  ZnO  nanowire  having  single  crys-
talline  hexagonal  wurtzite  structure  along  [002]  direction  and  CuO  nanostructure  shell  with  thickness
(8–10  nm)  having  polycrystalline  monoclinic  structure.  The  optical  property  analysis  suggests  that  the
reﬂectance  spectrum  of  ZnO/CuO  heterostructure  nanowires  is decreased  by  18%  in  the  visible  range,
which  correspondingly  shows  high  absorption  in this  region  as  compared  to pristine  ZnO nanowires.
The  current-voltage  (I–V)  characteristics  of  core-shell  heterojunction  nanowires  measured  by conductive
atomic  force microscopy  (C-AFM)  shows  excellent  rectifying  behavior,  which  indicates  the  characteristics
of  a good  p-n junction.  The  high-resolution  transmission  electron  microscopy  (HRTEM)  has  conﬁrmed  theand offset
ype-II band alignment
sharp junction  interface  between  the  core-shell  heterojunction  nanowire  arrays.  The  valence  band  offset
and  conduction  band  offset  at ZnO/CuO  heterointerfaces  are  measured  to  be  2.4  ±  0.05  and  0.23  ± 0.005  eV
respectively,  using  X-ray  photoelectron  spectroscopy  (XPS)  and  a type-II  band  alignment  structure  is
found.  The  results  of  this  study  contribute  to the development  of  new  advanced  device  heterostructures
for  solar  energy  conversion  and  optoelectronics  applications.
©  2017  Elsevier  B.V.  All  rights  reserved.. Introduction
Core–shell nanowires (NWs) structures are found to be promis-
ng materials for their novel applications and have drawn much
ttention for developing new challenging devices due to their
igh interfacial area, allowing for more electron−hole formation
r recombination [1–3]. ZnO has been considered as a versatile and
ore material due to easiness of growing it in the nanostructure
orm [4], direct large band gap of 3.37 eV, large exciton having bind-
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169-4332/© 2017 Elsevier B.V. All rights reserved.ing energy 60 mV [5] and highly-developed fabrication techniques
[6]. ZnO material represents the richest family of nanostructures,
due to which it is used as a promising substrate materials for vari-
ous applications. These promising features enable the fabrication of
various nanodevices such as ﬁeld effect transistors, new generation
of solar cells, bio- and chemical sensors, bio-imaging, drug deliv-
ery and light-emitting diodes (LEDs) using various types of ZnO
nanostructures [7–10]. However, successful commercial applica-
tion of ZnO NWs  based devices requires a detailed understanding
of the control growth, structural quality, and speciﬁc properties
related to the application purpose. Depending upon the growth
method, the as-grown ZnO NWs  invariably contain several sur-
face defects, for example, inefﬁcient UV emission for optoelectronic
applications and low electronic conductivity for device application
[6,11]. The surface modiﬁcation of ZnO nanowires and its controlled
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electrical, optical and magnetic properties) for enhanced applica-
ion at nanoscale regime [12,13]. Core-shell heterojunction NWs
s a better technique to enhance and control the properties of
he materials [14]. The shell development or formation of CuO
o vertically aligned ZnO nanowires offers an attractive platform
or solar cells because of attractive p-type material with semi-
onducting properties of having good absorption coefﬁcient and
irect band gap (1.2 eV) [15]. The intrinsic, stable, direct band gap
nd p-type nature properties make CuO a good candidate for elec-
rical, optical, sensing, catalyst, photovoltaic and optoelectronic
evices [16]. Consequently, the fabrication of core-shell hetero-
unction nanowires has attracted much interest for optoelectronic
nd nanoelectronic device applications. This is because these core-
hell nanowires heterojunctions are expected to have improved
harge collection efﬁciency because of the lower interval and higher
ontact area between the p-type and n-type materials. In addi-
ion, development of favorable radial p-n junctions of n-ZnO/p-CuO
ore-shell nanowires heterojunction at the nanostructure interface
ould enhance the charge collection, reduce the defect states at
he interface and thus bestow improved performance in nanoelec-
ronic devices. The fabrication of vertically-aligned and large-area
ore-shell nanowires heterojunction with high aspect ratio can
e considered as an ideal nanoscale heterostructure for potential
pplications in nano-optoelectronic.
Herein, we report for the ﬁrst time a catalyst-free fabrica-
ion of novel ZnO/CuO core-shell nanowires heterojunction, its
ontrolled growth, structural, optoelectronic properties and band
ffsets measurements at ZnO/CuO heterointerfaces. The vertically
ligned n-ZnO/p-CuO core-shell heterojunction nanowire (NW)
rrays were successfully fabricated on an n-type Si substrate using
odiﬁed thermal chemical vapor deposition (CVD) assisted phys-
cal vapor deposition (PVD) techniques/sputtering followed by
hermal oxidation under controlled growth conditions. The struc-
ure, growth mechanism, optical and electrical properties of the
ertically aligned ZnO/CuO core-shell heterojunction nanowires
ere studied in detail by different characterization techniques. The
and offsets at ZnO/CuO heterointerfaces were measured by X-
ay photoelectron spectroscopy (XPS). The purpose of this study
s to investigate the ZnO surface properties and to develop new
dvanced device heterostructure of ZnO/CuO core-shell hetero-
unction NWs  for optoelectronic applications. The advantages of
he thermal CVD in conjunction with PVD of high vacuum sput-
ering followed by thermal oxidation are being used to produce
igh purity, high-performance and vertically-aligned large-area n-
nO/p-CuO core-shell nanowires heterojunction. The absence of a
article (catalyst free) may, however, be an advantage as the parti-
le is passive during radial growth and may  present a complication.
lso, this study provides the controlled growth mechanism, due
o which it is possible to control crystal structure, surface mor-
hologies and orientation of the core-shell nanowires. Finally, the
echanisms for each step are documented with the detailed char-
cterization analysis.
. Experimental section
.1. CVD growth of vertical aligned ZnO NWs
Large scale fabrication of vertically aligned ZnO nanowire arrays
ere executed in a horizontal quartz tube furnace reactor of inner
iameter 43 mm and length 450 mm by a thermal chemical vapor
eposition (CVD), where the growth parameters like gas ﬂow rate
oxygen and argon), pressure inside the quartz tube, temperature
nd time were well controlled. In a sample preparation step, ﬁrst
ut two Si substrates (1 × 1 cm2) using a diamond cutter followed
y ultrasonic wash in acetone, alcohol and de-ionized water forcience 435 (2018) 718–732 719
30 min  each and dry under nitrogen atmosphere. Alumina boat
containing 0.5 g pure Zn powder in a metallic form (99.99% Alfa
Aldrich) was  kept in the middle region of a quartz tube of ther-
mal  CVD system. Si substrates were kept on a ﬂat alumina plate
in the quartz tube downward region, where the temperature was
about 760 ◦C, as shown in Fig. 1a. The distance between the source
boat containing Zn powder and Si substrates was around 5 cm. The
tube was sealed and the pressure inside the quartz tube reduced
to 5 × 10−2 torr using two-step high-speed vacuum pump. The fur-
nace was heated to temperature of 800
◦
C for 2 h using a furnace
heating rate at 10
◦
C min−1. Pure argon (Ar) gas with a constant
ﬂow of 180 mL/min regulated by MFC  was  supplied to the tube
furnace during the entire process at room temperature. Oxygen
(O2) gas of a high purity was  supplied at a ﬂow rate of 20 mL/min
into the tube furnace of thermal chemical vapor deposition system,
while keeping all operating parameters at steady state. The pres-
sure was  maintained about 8 Torr inside the quartz tube furnace
for nanowires formation and it was precisely measured by digital
vacuum gauge. After the completion of growth process, when the
temperature of the furnace reached its normal room temperature,
a product of thin layer having white or gray matter was obtained
on the top surface of Si substrates. The schematic of new modiﬁed
Thermal CVD is shown in Fig. 1.
2.2. Growth of Cu nano-shell onto the as-grown ZnO nanowires
After the fabrication of vertically aligned ZnO nanowire arrays,
the as-synthesized ZnO NW arrays taken as a template were
then shifted to high vacuum sputtering for Cu nanoﬁlm deposi-
tion. The Cu nanoﬁlm of thickness 20 nm ± 2 under high vacuum
5 × 10−5 mbar was  used to deposit onto the as-grown ZnO
nanowires using a Dual Target Sputtering System (Q300T D). The
chamber of the sputtering system having outside diameter of
300 mm and height of 127 mm is fully integrated with Dual channel
ﬁlm thickness monitor (FTM) to control the thickness of nanoﬁlms.
During the deposition of copper nanoﬁlm, a high purity 4N (99.99%)
Cu as the sputtering target was used, while keeping the optimized
sputtering deposition time 4 min, sputtering current 60 mA  and
substrate and target distance 5 cm.
2.3. Growth of n-ZnO/p-CuO core-shell nanowire heterojunction
After successful deposition of Cu nanostructure shell onto the
as-grown ZnO NWs, ZnO/Cu nanowires were brought into the CVD
Tube Furnace for thermal oxidation in rich oxygen and the sam-
ple was  kept in the middle portion of a quartz tube furnace on
a ﬂat alumina boat. The tube was  sealed again and the pressure
inside the quartz tube reduced to 5 × 10−2 torr using two-step high-
speed vacuum. The furnace was  heated to temperatures 400
◦
C for
1 h using a furnace heating rate of 10
◦
C min−1. Pure Ar gas with
a constant ﬂow was supplied to the tube furnace at 140 mL/min
ﬂow rate during the entire process to its room temperature. High
purity O2 gas was  supplied at a ﬂow rate 45 mL/min into the tube
furnace of thermal CVD system, while keeping all operating param-
eters at steady state. The pressure was maintained about 75 Torr
inside the quartz tube in the presence of rich oxygen, with the
temperature of the furnace kept constant. After the completion of
growth process, when the temperature of the furnace was natu-
rally cooled until it reached room temperature, the n-ZnO/p-CuO
core-shell heterojunction nanowires were obtained. The detailed
growth mechanism and fabrication illustration of the core-shell
heterojunction nanowires is given in Fig. S1 (Supporting informa-
tion).

































The morphological study of the as grown ZnO nanowires and
heir core-shell (ZnO/CuO) heterojunction nanowires arrays was
haracterized by SU8020 Hitachi FE-SEM machine at 15 kV. The
rystal quality of the as grown ZnO NWs  and ZnO/CuO core-shell
eterojunction nanowires was studied by Bruker AXS D5005 X-
ay diffraction (XRD) equipped with Cu having K radiation at
 = 1.54056 Å using 40 kV generator voltage and 30 mA  current.
ransmission electron microscopy (TEM) is operated using TECNAI
2 20 S-TWIN, FEI electron microscope working of 200 kV (accel-
rating voltage). Transmission electron microscopy was used to
haracterize the single ZnO nanowire and ZnO/CuO core-shell het-
rojunction nanowire for their lattice spacing, interface junction,
irections and plane. For the TEM measurements, the nanowires
rown on the Si wafer were cut into small sizes and then put in
he clean plastic centrifuge test tube containing acetone for the
anowires extraction. The centrifuge test tubes were kept in small
lass beaker containing a small amount of water for sonication
urpose using Ultrasonic cleaner for 45 min  at 25 ◦C. A microlitre
ipette was used to pick-up a drop of sample solution containing
he nanowires and is transferred on a nickel TEM grid which is cov-
red with a thin layer of amorphous carbon. The grid sample was
eld for 2 min  and then blotting paper was used to remove the extra
olution in order to dry the grid before the TEM measurement. The
DX spectrometer, which is ﬁxed with the transmission electron
icroscopy instrument, is used to trace the elemental composition
f core-shell heterojunction nanowires. TEM is also performed in
iffraction modes, such as selected area electron diffraction (SEAD).
-ray photoelectron spectrometer was used for the study of core-
evel spectra and valance band spectra. All XPS spectra samples
ere characterized using Shimadzu Kratos Axis Ultra DLD system thermal CVD.
of X-ray photoelectron spectroscopy, which worked at 15 kV and
10 mA  and were measured with the reference to the carbon 1s (C 1s)
peak at 284.60 eV. The sample used for XPS analysis was  a dry solid
sample of size 1 cm x 1 cm and from the XPS analysis, the number
of electrons is plotted as a function of binding energy to pro-
duce survey spectra. Additional structural information of pure ZnO
NW arrays and ZnO/CuO core-shall hetero-structure NW arrays
obtained by HORIBA LabRAM HR Raman spectrometer at room tem-
perature having range of 50–1100 cm−1. The UV–vis Reﬂectance
spectra were analyzed for the prepared samples at room tempera-
ture using Shimadzu UV-1601PC spectroscopy instrument.
2.5. Testing for p-n junction using conductive AFM
Electrical measurements of n-ZnO/p-CuO core-shell heterojunc-
tion NW arrays were studied by conductive AFM in contact mode
at atmospheric room temperature using an SPA 300HV SPM Unit
measurement system with a voltage range of −10 to +10 V from
Seiko Instrument Inc., Japan. To contact the NWs, the conductive
AFM (C-AFM) used the conductive tip as a movable electrode. The
silicon cantilever tip having diameter with a 100 nm was covered
by a Rhodium (Rh) thin layer, which is a chemical inert transition
metal and is a member of the platinum group. The spring constant
of the measurement system was 13 N/m and the scanning rate of
the frequency for the current analysis was  about 1 Hz. For capturing
smoothest topography and current imaging, the movement of the
tip frequency of about 1 Hz was applied during the scanning. For
the current-voltage measurement of n-ZnO/p-CuO core-shell het-
erojunction NWs  on n-type Si (100) substrate, the current analysis
was studied when the electrical contact was  formed between the
conductive AFM tip and one of the core-shell nanowire tips.
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Fig. 2. (a) Schematic illustration and growth process of vertically aligned ZnO/CuO Core-Shell heterojunction nanowires (b) FESEM image of pure ZnO NW arrays on n-type Si
( for op



































t100)  substrate (c) ZnO/Cu NW arrays after deposition of copper (Cu) by sputtering 
d)  and (e) FESEM images of the n-ZnO/p-CuO core-shell heterojunction nanowires
emperature 400 ◦C for time 1 h and at pressure inside the quartz tube of 75 Torr, w
. Results and discussion
.1. Morphological characteristics
Fig. 2a represents the schematic fabrication illustration of ver-
ically aligned large-area n-ZnO/p-CuO core-shell heterojunction
anowires. Fig. 2b shows the FESEM image of pure ZnO nanowire
rrays grown on n-type Si (100) substrate using thermal CVD tech-
ique. The inset in Fig. 2b is an enlarged image of ZnO nanowire of
exagonal shape and a smooth surface having diameter in the range
f 35–45 nm and a length of about 700–1300 nm,  respectively. The
nO NWs  shown in the enlarged FESEM image has a high density
nd the tip of NW arrays shows that there are no metal catalyst
articles on the nanowire, indicating the growth mechanism to be
 vapor-solid (VS) mechanism. After a deposition of 20 ± 2 nm Cu
anoﬁlm by sputtering on as grown ZnO NW arrays under a well-
ontrolled condition, the NWs  diameter became in the range of
0–65 nm,  whereas the obtained ZnO/Cu NW arrays retained their
riginal reﬂection. The ZnO/Cu NWs  after deposition of Cu nanoﬁlm
y sputtering is shown in Fig. 2c and it is clearly revealed that
opper has been successfully deposited as a thin nanoﬁlm on the
urface of ZnO nanowires arrays. Fig. 2d and e are the FESEM images
f the n-ZnO/p-CuO core-shell heterojunction nanowires at two dif-
erent magniﬁcations. The core-shell heterostructure of ZnO/CuO
anowire arrays are obtained by thermal oxidation of ZnO/Cu NW
rrays in the presence of rich oxygen in CVD Tub Furnace under
ontrolled operating conditions.
The growth progress and morphologies barrier of the shell layer
or the ZnO/CuO core-shell nanowires structure were also studied
sing the effect of pressure and oxygen ﬂow gas inside a quartz tube
urnace using thermal chemical vapor deposition system. The shell
ayer of CuO nanostructure is affected by changing the pressure of
xygen gas and oxygen ﬂow rate though thermal oxidation [17].
t low pressure 50 Torr and low oxygen 25–30 mL/min ﬂow rate,
he CuO nanostructure shell were not grown uniformly on the core
nO NWs  surface as shown by the FESEM image supported by the
RD result in Fig. S2a and Fig. S2b (Supporting Information), respec-
ively. When pressure inside the quartz tube increased to 75 Torr,timized time and current (i.e. sputtering time 4 min  and sputtering current 60 mA)
o different magniﬁcations fabricated by thermal oxidation of ZnO/Cu NW arrays at
ygen ﬂow rate of 45 mL/min.
and oxygen ﬂow rate increased to 45 mL/min, the quality of the
heterostructure nanowires became much better and the CuO nano-
structure shell were grown uniformly on the core ZnO nanowires
surface as shown by the FESEM image supported by the XRD result
in Fig. S2c and Fig. S2d (Supporting Information), respectively. As a
result of higher pressure and higher ﬂow rate of oxygen, the oxida-
tion rate of ZnO/Cu is increasing and very rapid CuO material ﬁll-in
between the adjacent ZnO-Cu nanowires top, middle and bottom
portion is nearly uniform, leading to good quality of n-ZnO/p-CuO
core-shell NW arrays. In addition, the ﬂow rate of higher oxygen
during thermal oxidation plays important role to create an electric
ﬁeld between oxygen (O) ion and copper (Cu) ion. This is due to
thermionic emission, as electrons will diffuse through oxidant and
Cu ion will migrate to form the CuO thin layer since copper diffuses
much faster than oxygen. At low pressure and low oxygen ﬂow rate,
however, the oxidation rate of ZnO/Cu only leads to dominate the
top and some sides of the core-shell nanowires, forming ZnO/CuO
core-shell nanowires, while the bottom portion of ZnO/Cu is still
reaming and not oxidized because very limited amount of oxygen
will be accessed at the bottom portion of nanowires. This evidence
further proves that higher pressure and higher oxygen ﬂow rate
will favor a good thin shell layer of only CuO material for the ver-
tically aligned n-ZnO/p-CuO core-shell heterojunction nanowires.
The growth progress development of the shell layer for the vertical
aligned ZnO/CuO core-shell heterojunction NWs  structure for dif-
ferent sputtering deposition time are given in Fig. S3 and Table S1
(Supporting Information).
3.2. Structural characteristics analysis
Structural and compositional analysis of the pure ZnO
nanowires and their core-shell heterostructure (ZnO/CuO) NWs
were analyzed using XRD and XPS measurement techniques. The
XRD structure of the vertical aligned ZnO nanowires arrays, ZnO/Cu
NW arrays and heterostructure ZnO/CuO NW arrays are given in
Fig. 3. In Fig. 3, the XRD spectrum (a) shows that the crystal struc-
ture of as synthesized ZnO nanowire arrays grown on Si substrate
have hexagonal wurtzite with lattice parameters a = b = 0.324 nm






































sFig. 3. X-ray Diffraction (XRD) spectrum (a) Pure ZnO nanowire array
nd c = 0.52 nm [18]. All samples of pure ZnO NWs  gave similar
RD patterns, indicating high reproducibility of this method. Judg-
ng from the XRD pattern (JPCD 36-1451), no impurity pattern could
e observed, which is opposite to the catalyst-assisted grown ZnO
anowires [19]. The prominent diffraction of (002) peaks is also
 manifestation of preferential growth direction [002]. All these
bservations conﬁrm that the products obtained are highly pure
rystalline ZnO nanowire arrays with a preferential growth direc-
ion of [002]. In Fig. 3, the spectrum (b) shows the structure of
nO/Cu nanowire arrays after deposition of Cu nanoﬁlm by sput-
ering process. The structure of ZnO/Cu core-shell nanowire arrays
hows all other peaks of ZnO NWs  and only one copper (Cu) peak
t 43.3◦, which clearly corresponds to (111) plane having cubic
tructure with lattice parameters, a = b = c = 0.3615 nm of Cu (JCPD
4-0836). This evidence proves that copper has been successfully
ccumulated on the top surface of ZnO NW arrays. Spectra (c)
n Fig. 3 reveals one broad peak at 38.8◦, which corresponds to
111) and (200) planes of CuO (JPCD 89–5899) having monoclinic
hase and lattice constant values of a = 0.4689 nm,  b = 0.342 nm,
 = 0.513 nm,  while two other peaks at 48.85◦ and 61.85◦ corre-
pond to (−202) and (−113) planes, respectively. After the thermal
xidation using pure oxygen at 400
◦
C for 1 h, the intensities of CuO
eaks became stronger showing clear structure of ZnO/CuO core-
hell heterojunction nanowire arrays. However, the peaks related
o the other phases of copper like Cu2O and Cu metal were not
oticed after thermal oxidation. This indicates that the fabrication
f vertically aligned ZnO/CuO core-shell heterojunction nanowires
as successfully achieved.
To determine the core-level spectra, valance band spectra,
hemical composition and oxidation state of ZnO/CuO core-shall
eterojunction nanowires, X-ray photoelectron spectroscopy (XPS)
easurement was operated to study the representative samples.
he details of measurement results of all XPS spectra samples are
iven in Fig. 4, where the binding energies of all XPS spectra sam-
les were measured with standard value to the carbon 1s (C 1s) peak
t 284.60 eV. In Fig. 4a, the complete proﬁle spectra (survey scan)
f ZnO/CuO core-shall heterojunction nanowires is shown, which
hows clearly that the peaks related to copper (Cu), zinc (Zn), oxy-nO/Cu core-shall nanowire arrays (c) ZnO/CuO core-shall NW arrays.
gen (O) and carbon (C) only. The wide survey scan analysis of XPS
spectrum has conﬁrmed that Cu, Zn, and O appeared on the sur-
face of a sample. The Zn 2p spectrum of high-resolution is shown
in Fig. 4d, which shows two  intense peaks. The two intense peaks
of Zn 2p, which are centered at 1021.92 and 1045.03 eV, represent
the +2 oxidation state of Zn as Zn2+ or ZnO. Furthermore, the esti-
mated splitting of spin orbit between the two intensive peaks of Zn
2p is 23.07 eV indicates good agreement with the current literature
value [20]. The oxidation states of Cu could be determined from Cu
2p XPS spectra given in Fig. 4c. The X-ray photoelectron spectrum
of Cu 2p represents two major peaks, namely 2p3/2 and 2p1/2, and
two shake-up satellite peaks. The spin-orbit lines of Cu 2p indicate
two main peaks of 2p3/2 and 2p1/2 at 934.15 and 953.87 eV, respec-
tively, while the shake-up satellite peaks are located at ∼8 eV above
the main peaks. Moreover, shakeup satellite peaks at 941.28 eV and
962.17 eV that could be assigned to the 3d9 shell of Cu2+ ions are
observed [21]. The binding energy values of Cu 2p, which corre-
spond to the bivalent state of copper (Cu2+) and the presence of
satellite peaks, supports the evidence that Cu has been success-
fully oxidized to produce CuO [22,23]. Therefore, it is concluded
that thermal oxidation of ZnO/Cu NW arrays successfully formed
to produce ZnO/CuO core-shell heterojunction nanowires. The O1 s
spectra in Fig. 4b also reveals an intense peak at 531.6 eV, which
conﬁrms that the binding energy of oxygen ion (O2−) is well con-
sisted with the metal oxide, whereas the shoulder peak at 529.9 eV
has been assigned to the chemisorbed oxygen [24]. The XPS mea-
surements have veriﬁed that the heterostructures consist of ZnO
and CuO. These results are in good agreement with the XRD inves-
tigation.
3.3. TEM analysis of ZnO/CuO core-shell heterojunction nanowire
Fig. 5a shows TEM image of pure ZnO NW having diameter of
41 nm fabricated by the thermal CVD technique. A high-resolution
TEM (HRTEM) image of pure ZnO NW having good crystalline struc-
ture is shown in Fig. 5b. It is conﬁrmed from Fig. 5b that the
inter-planner distance (d-spacing) between two adjacent lattice
planes is approximately 0.26 nm,  which resembles (002) planes
M.A. Khan et al. / Applied Surface Science 435 (2018) 718–732 723
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wig. 4. X-ray photoelectron spectroscopy measurement of ZnO/CuO core-shall he
anowires (b-d) High resolution X-ray photoelectron spectroscopy measurement o
n hexagonal wurtzite of pure ZnO structure. The corresponding
elected area electron diffraction (SAED) of ZnO NWs  is given in
ig. 5c. The dot pattern in SAED shows that the structure of the
anowire has single-crystalline and the d-spacing analysis indi-
ates that the growth is along the [002] direction. Fig. 5d shows
 transmission electron microscopy image at the edge of vertically
ligned n-ZnO/p-CuO core-shell heterojunction NW with p-type
uO nanostructure shells covering n-type ZnO nanowires cores.
he diameter of the ZnO/CuO heterostructure nanowire increased
bout 10 nm compared to pure ZnO NWs. The high-resolution TEM
HRTEM) at the boundary of the n-ZnO/p-CuO core-shell hetero-
unction NW is shown in Fig. 5e, which clearly reveals an interface
etween the two crystals (core ZnO and CuO shell). The CuO nano-
tructure shell on the side of ZnO core was shown by the interface
arked in the dashed line. The CuO materials are nearly uniformly
eposited over the core of nanowires making a thin layer of CuO
anostructure as a shell on the surface of ZnO NW.  The thickness
f the CuO nanoshell is around 8–10 nm,  which is consisted of
anocrystals ranging in size from 3 to 10 nm.  As the core mate-
ial (ZnO) is almost uniformly covered by CuO nanostructure shell,
hich consists of nanocrystals, we can see that the attached CuOnction nanowires (a) Proﬁle survey spectra of ZnO/CuO core-shall heterojunction
, Cu 2p and Zn 2p, respectively.
nanocrystals have randomly oriented and crossed-fringe shape on
the side (edge) of the core ZnO nanowire. The fringe spacing of
nanocrystals corresponds to a CuO (002), (111) and (−202) of lattice
spacing of 0.25, 0.23 and 0.19 nm,  respectively, of the Monoclinic
phase of CuO (JCPD 89–5899). It is also obvious from Fig. 5e of the
vertically aligned and large area ZnO/CuO core-shell heterojunction
nanowires that the interface between the two crystalline materials
is abrupt, which shows that at the interface there is no elemen-
tal intermixing. The HRTEM images that clearly show the interface
between two  crystals are given in Fig. S4 (Supporting Informa-
tion). The corresponding selected area electron diffraction (SAED)
pattern further supports that the nanostructure shells are poly-
crystalline monoclinic structures of CuO, which is given in Fig. 5f.
The successful fabrication of control growth and vertically aligned
ZnO/CuO core-shell heterojunction nanowires (NWs) with large
area have been developed using a new modiﬁed thermal CVD in
conjunction with PVD followed by thermal oxidation. One of the
key processes in these techniques that have been investigated is
the well-controlled growth mechanism, which makes it possible to
control crystal structure, surface morphologies and uniform devel-
724 M.A. Khan et al. / Applied Surface Science 435 (2018) 718–732













Fig. 5. (a) TEM image of single pure ZnO nanowire (b) HRTEM image of pure ZnO N
-ZnO/p-CuO core-shell heterojunction nanowire is shown by TEM image (e) HRTE
hell  thickness (f) The selected area electron diffraction (SAED) pattern of n-ZnO/p-
pment of core-shell heterojunction nanowires (NWs) with large
rea by a catalyst free vapor deposition and oxidation approach.
Fig. 6 shows additional structural information of pure ZnO
W arrays and n-ZnO/p-CuO core-shell heterojunction NW arrays
btained by Raman spectroscopy using the measurement range
f 50–1100 cm−1 at room temperature [25]. In general, ZnO of
urtzite structure has belonged to C6v 4 (P63mc) known as a space
roup. The space group has six active Raman modes of E2(L) +
2(H) + A1T + A1L + E1T + E1L [26,27]. The pure ZnO NWs  presented
heir Raman spectrum peaks at 99, 227, 437, 666 and 939 cm−1
25,28–30]. The Raman spectrum of pure ZnO NWs  is shown in
ig. 6. The peaks at 99 and 437 cm−1 are referred to as E2(L) andPure ZnO NW indicating by SAED pattern showing the growth direction is [002] (d)
ge of n-ZnO/p-CuO core-shell heterojunction nanowire showing the interface and
ore-shell heterojunction nanowire.
E2(H) Raman modes of pure ZnO nanowire, respectively [30,31],
whereas the peaks at 227, 666 and 939 cm−1 are referred to as 2TA,
[TA+ LO] and 2TO modes, respectively. In comparison of vertical
aligned ZnO NWs, the Raman spectrum of the vertically aligned
ZnO/CuO core-shall heterojunction NW arrays shows three new
peaks at 302, 346 and 625 cm−1, which can be referred to as Ag,
Bg1, and Bg2 modes, respectively. These modes are consistent with
the previous report on CuO crystal and literature [32–37]. The pres-
ence of ZnO and CuO Raman modes further reveals that the Raman
spectroscopy measurements analysis supports the core-shell het-
erojunction nanowires, which is in agreement with the XRD and
TEM results.




































ZFig. 6. Raman spectroscopy measurements analysis for pu
The microstructure and composition of the core-shell nanowires
ere further investigated by energy dispersive X-ray (EDX) spec-
rum and EDX elemental mappings as shown in Fig. 7. To avoid
ny interference with ZnO/CuO core-shall heterojunction NW,  the
EM grid of Ni is used as a representative to support the individ-
al nanowire sample. The EDX spectrum measured from a single
anowire is shown in Fig. 7a. The EDX spectrum measured from
ip, middle and bottom of the nanowires showing their elemental
nalysis is shown in Fig. 7(b, c, d). EDX spectrum analysis revealed
hat 53.64 wt.% of Cu has been added to the top surface of the ZnO
anowire tip portion, 52.25 wt.% of copper (Cu) has been added to
he middle portion of the ZnO nanowire surface and 48.82 wt.% of
u has been added to the bottom part of the core-shell nanowire.
he signiﬁcant amount of copper deposition on three different
laces (tip, middle and bottom) of a single nanowire shows very lit-
le difference, which indicates that Cu is nearly uniformly deposited
n the vertical aligned ZnO NWs. The signiﬁcant amount of copper
eposition provides further evidence of the thin shell formation
n vertically aligned ZnO NWs. Furthermore, Fig. 7(e–h) shows the
lectron scan image of single core-shell NW and their EDX elemen-
al mappings of oxygen (O), copper (Cu), and zinc (Zn), respectively.
ig. 7(f–h) reveals that the core-shell NW heterostructure is con-
isted only of elements of copper, zinc and oxygen, while their
DX elemental mapping shows the uniform distribution of core and
hell materials. From the EDX elemental analysis and mapping, we
urther suggest that CuO nanoshell is grown nearly uniformly as
n epitaxial layer onto core ZnO, resulting in a large area of ver-
ically aligned n-ZnO/p-CuO core-shell heterojunction nanowires.
he well-known analysis of EDX and elemental mapping observa-
ions indicate that the thermal CVD grown ZnO nanowires followed
y Cu sputtering and its thermal oxidation have successfully pro-
uced a large area of vertically well-aligned ZnO/CuO core-shell
anowire arrays.
.4. Optical study.4.1. Photoluminescence
Fig. 8 shows the room-temperature PL spectra of ZnO NWs  and
nO/CuO core-shell heterojunction nanowires. The inset has shown NWs  and ZnO/CuO core-shell heterojunction NW arrays.
magniﬁed spectra of ZnO NWs  and ZnO/CuO core-shell hetero-
junction nanowires. The PL spectrum of ZnO NWs  exhibits two
emissions, a UV emission band of ZnO NWs  centered at 378 nm
originates from the exciton recombination radiation [38]. The visi-
ble emission band at 751 nm is due to the recombination radiation
of electrons in a deep defect level or a shallow surface defect level
with holes in a valence band [39]. Compared to bare ZnO NWs,
ZnO/CuO core-shell heterojunction nanowires peak shifted in UV
region from 374 nm to 384 nm,  while the peaks, which is due to
the recombination radiation of electrons in a deep defect level or
a shallow surface defect level with holes in a valence band, shifted
from 751 nm to 770 nm.  Also, the intensity ratio of the UV peak
and the visible light peak of ZnO/CuO NWs  would increase [40].
This may  be because CuO covers the surface of ZnO NWs, reducing
the surface defects of ZnO NWs, corresponding to the decreases in
energy band and in enhanced UV peak and visible peak. The shifting
of the UV peak and the visible light peak to the shorter wavelength
of ZnO/CuO NWs  is due to the surface modiﬁcation as compared to
ZnO NWs. Core ZnO NWs  covered by CuO nanostructure shell can
lead to hinder the observation of the visible emission, which is usu-
ally observed from ZnO (green band emission of ZnO). The energy
band of ZnO/CuO core-shell heterojunction NWs  decreases due to
the shifting of the UV peak and the visible light peak to the shorter
wavelength as compared to bare ZnO NWs. Hence the enhancement
of intensity ratio and decreasing the energy band by ZnO/CuO core-
shell heterojunction NWs  may  be very useful in photocatalysts and
in solar energy conversion applications [40].
3.4.2. UV–vis reﬂectance spectroscopy
The optical property of the ZnO NWs  and their core-shell
(n-ZnO/p-CuO) heterojunction NWs  has been also analyzed for
the prepared samples at room temperature by using UV–vis
reﬂectance spectroscopy. For accurate and precise determination of
the reﬂectance spectra, we studied the reﬂection efﬁciency of the
as fabricated ZnO NWs  and vertically aligned n-ZnO/p-CuO core-
shell heterojunction nanowires grown on silicon substrates using
bare silicon as a reference substrate. The UV–vis specular reﬂec-
tion spectra of the synthesized ZnO nanowires and their vertical
aligned ZnO/CuO core-shell heterojunction nanowires developed
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pig. 7. EDX spectrum measured from single ZnO/CuO core-shell nanowire (a) tip (
ore-shell NW image and Figure (f), (g) and (h) shows their EDX elemental mappin
n Si substrates are given in Fig. 9. The reﬂectance spectra of the ver-
ical aligned ZnO/CuO core-shell heterojunction nanowires were
tudied for sputter copper deposition time of 3 min  and 4 min  on
ertical aligned ZnO nanowires. The reﬂectance spectra of pure
nO showed a sharp increase at 378 nm and the material had a
trong reﬂective characteristic after approximately 420 nm.  The as
ynthesized ZnO nanowire arrays show a maximum reﬂectance of
pproximately 42% in the 200–800 nm range. The reﬂectance of
nO/CuO core-shell heterojunction NW arrays, for which copper
putter deposition time is 3 min, decreases to 29%, while for cop-
er sputter with deposition time of 4 min, the reﬂectance spectra ofdle, (c) and bottom showing their elemental analysis. Figure (e) shows the single
u, Zn and O, respectively.
core-shell (ZnO/CuO) heterojunction nanowires decreases to 24%.
The reﬂectance can be explained on the basis of modiﬁcation in the
structural characteristics (diameter of the NWs, surface roughness,
etc.) of the ZnO/CuO core-shell heterojunction NW array for differ-
ent sputtering deposition time on vertically aligned ZnO nanowire
arrays. The reﬂectance efﬁciency in the visible spectrum decreased
with increasing copper sputter deposition time followed by ther-
mal  oxidation. This means that by loading of CuO onto the vertical
align ZnO NW arrays, the reﬂectance efﬁciency of core-shell het-
erojunction NWs  decreases, while absorption efﬁciency increases.
However, there was no apparent difference in the absorption edge
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CFig. 9. UV–vis reﬂectance spectra of ZnO
etween the pure ZnO NWs  and ZnO/CuO core-shell heterojunc-
ion NWs. This provides evidence that CuO was  deposited on the
nO surface rather than integrated into the ZnO lattice location. It
as been noted that ZnO having band gap 3.37 eV has quite low
eﬂectance efﬁciency in the UV region (200–380 nm), while it has
etter absorption efﬁciency in the UV region (200–380 nm). From
ig. 9, one can see that pure ZnO nanowire arrays showed quite
ow reﬂectance values in the UV region (200–380 nm), which indi-
ates a very high absorption in this region, and the reﬂectance
ises in the visible region (400–750 nm). It has been reported that
uO with a direct band gap of 1.2 eV has a low reﬂectance peaknO/CuO core-shell heterojunction NWs.
in the range of 300 nm to 600 nm. Therefore, in comparison to
pure ZnO nanowires, the vertically aligned ZnO/CuO core-shell het-
erojunction nanowire arrays deﬁnitely showed lower reﬂectance
value or high absorption value in the visible region (400–750 nm).
From the result of optical analysis, it is clear that the synthe-
sized core-shell heterojunction nanowires possessed advanced
light absorption ability in the visible region, which is about 18%
more absorption as compared to pristine ZnO nanowires. The sup-
pressing surface recombination and enhanced UV–vis absorption of
ZnO/CuO core-shell heterojunction nanowires can greatly improve
the performance of nanodevices [19]. The ability of advanced light
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Fig. 10. Current-voltage characteristics of the vertically aligned ZnO/CuO core-shall heterojunction nanowires at atmospheric room temperature (a) Schematic of the C-AFM
f junct
c ell he















cor  current-voltage measurement, the inset is the AFM image of core-shell hetero
ore-shell heterojunction nanowires (c) Semi-log I −V measurement of the core-sh
f  the core-shell heterojunction nanowires at different points using Conductive-AF
bsorption in core-shell heterojunction nanowires leads to the
pplication in advanced photovoltaic and solar energy conversion
evices. It is expected that the present ZnO/CuO core-shell het-
rojunction nanowire devices could ﬁnd potential applications in
uture high-performance optoelectronic devices, particularly solar
ells, ﬁeld emitters, and sensor devices.
.5. Electrical measurement (I–V characteristic)
To measure the I–V characteristic and rectifying behavior of
-ZnO/p-CuO core-shell heterojunction NWs  about the junction
evelopment at interface, electrical measurements were studied by
onductive AFM. To contact the NWs  fabricated on an n-type silicon
ubstrate, the conductive AFM (C-AFM) used the conductive tip as a
ovable electrode in contact mode at atmospheric room tempera-
ure. Fig. 10a shows the schematic of the C-AFM for current-voltage
easurement. In the inset in Fig. 10a is shown the AFM image of
ore-shell heterojunction nanowire arrays. Fig. 10b represents theion nanowires (b) The I–V measurement of the nanodiode at the interface of the
terojunction nanowires (d) The I-V characteristics curves recorded from the center
ontact mode..
I–V characteristic properties of the p-n junction at the interface
of n-ZnO/p-CuO core-shell heterojunction nanowires, where the
measurement was  observed from −10 V to +10 V of the applied volt-
age. The I–V characteristic curve of the core-shell heterojunction
nanowires reveals good rectifying nature and the rectiﬁcation ratio
for IF/IR is about I+4.3/I-4.3 = 5.7 × 101 at 4.3 V. The good rectifying
behavior and rectiﬁcation ratio about the p-n junction formation
indicates the formation of a nanoscale-diode. The turn on or cut-
in voltage to conduct the current in the forward direction of the
core-shell heterostructure nanowires at the interface of p-n junc-
tion is about 2.5 V, whereas the leakage current of reverse bias at
the interface of p-n junction is about 0.104 nA under 4.3 V reverse
bias, respectively. The heterojunction shows a very small amount
of leakage current of reverse bias, which perhaps is due to the low
level interface defect recombination at the interface of both mate-
rials having core ZnO and shell CuO materials [28,41]. Additionally
from a semi-log representation of the I–V characteristics of Fig. 10c,
the nanodiode ideality factor was  measured using standard diode




















eig. 11. XPS core-level (CL) and Valence-band edge (VBE) spectra (a) CL of Zn 2p3/2
quation and was found to be 2.3 from a semi-log I–V curve using
he slope of the linear region. Fig. 10d has shown the excellent
–V characteristics curves of nano-diode recorded from the center
f core-shell heterojunction nanowires using the conductive-AFM
n contact mode. For the vertically aligned ZnO/CuO core-shell
eterojunction nanowires, the current follows the standard diode
quation and it increases exponentially. The exponential increase
f the current is usually noticed in wide band gap of p-n junction
iodes as a result of recombination tunneling mechanism [42]. As
ompared to ideal value, the variation of the ideality factor is pos-
ibly due to the structural defects, barrier tunneling or changes in
he interface composition [43–45].
The good rectiﬁcation value and close relation to the ideal-
ty factor indicates that our I–V characteristic of the core-shell
eterojunction nanowires developed by catalyst free vapor depo-
ition and oxidation approach is quite good. This study and results
resented here indicate the applicability of ZnO/CuO core-shell het-
rojunction nanowires for the fabrication of efﬁcient and low-cost
ptoelectronic nanostructure devices such as photodetectors, ﬁeld
mitters, solar cells, and sensor devices.O (b) CL of Cu 2p3/2 for CuO (c) VBE spectra for ZnO (d) VBE spectra for CuO.
3.6. Band offset measurements at ZnO/CuO heterointerfaces
Accurate band offset (BOs) measurement at the interfaces of
core-shell heterojunction nanowires play an important role in
the application of semiconductor devices and to perceive the
signiﬁcance relationship between the physical structure of het-
erointerfaces, carrier transport and electronic structure [46–52].
XPS is the direct and dominant technique for the measurement of
valance band discontinuities/offsets at ZnO/CuO heterointerfaces
[53]. To ﬁnd the Valance band offset of ZnO/CuO core-shell hetero-
junction nanowires, the high-resolution spectra of the synthesized
samples of ZnO, CuO and ZnO/CuO heterojunction nanowires were
found and tabulated in Table 1. The Valence band offset (VBO) value
at ZnO/CuO heterointerfaces can be measured by Kraut et al. for-
mulation [54,55], which is given in Eq. (1).
EV = ECL −
[(
EZn O











(1)where ECL = EZn O/CuOZn 2p(3/2) − E
ZnO/CuO
Cu 2p(3/2)
is the difference of the bind-
ing energy between Zn2p and Cu2p core-level (CLs) spectra




























nFig. 12. Schematic energy band diagram of typ












are the binding energies of valance band
aximum (VBM) with respect to the core-level positions of sam-
les ZnO and CuO, respectively. The core-level XPS spectra of
nO/CuO core-shell heterojunction nanowires are shown in Fig. 4(c,
), whereas the CL and valance band spectra of ZnO and CuO sam-
les are given in Fig. 11. All the core level binding energy spectra
ere used for ﬁtting using a Voigt (mixed Lorentz–Gaussian), which
s a line shape, and Shirley background was used for the calculation.
he positions of valance band maximum (VBM) are determined by
xtrapolating using a linear ﬁt to the leading edge of the valance
and spectra to the background level in order to examine the ﬁnite
ettlement of the spectrometer [48]. All the spectra and their bind-
ng energy obtained from the core-level (Fig. 4(c, d)) and ﬁtting
rocess (Fig. 11) are given in Table 1.
able 1
inding energies obtained from the core-level and ﬁtting process for the synthesized
amples.
Sample Region (core-level) Binding Energy (eV)
n-ZnO Zn 2p3/2 1021.40 ± 0.05
VBM 2.7 ± 0.05
p-CuO Cu 2p3/2 933.83 ± 0.05
VBM 0.5 ± 0.05
ZnO/CuO Zn 2p3/2 1021.92 ± 0.05
Cu  2p3/2 934.15 ± 0.05
Table 1 shows synthesized samples and their binding energies
or the core-level peak position and their valance band maximum
osition. The measured value for the valance band offsets (VBO)
sing Eq. (1), i.e. EV (VBO) at ZnO/CuO heterointerface, is found
o be 2.4 eV. In addition, Hussian et al. measured the VBO value of
he composite heterostructure of ZnO/CuO heterojunction, which is
ound to be 2.83 eV by XPS using hydrothermal technique [56] and
s bigger than our current result. This aspect may  be due to the dif-
erent growth process of one dimensional ZnO/CuO heterostructure
anowires, which cause a different atomic adjustment at ZnO/CuOnd alignment of p-CuO/n-ZnO heterojunction.
interface. The conduction-band offset (CBO) of ZnO/CuO hetero-
junction nanowires is given by Eq. (2).
EC = EZn Og − ECuOg − EV (2)
The band gaps of ZnO and CuO at room temperature are (EZn Og =
3.37 eV [57] and ECuOg = 1.2 eV [58]), respectively. So by substi-
tuting these values and EV = 2.4 eV, the CBO is estimated to be
0.23 eV. The schematic energy band diagram is deduced based on
the aforementioned analysis as shown in Fig. 11. We  can examine
that a type-II band alignment structure is found at ZnO/CuO inter-
face. The measured VBO (EV) is greater than the conduction band
offset (EC) as shown in Fig. 12. The large EV of core-shell het-
erojunction at the interface should result in a thin tunneling barrier
across the p-n junction [59]. In addition, the result in large value
of EV is important due to carrier conﬁnement for device applica-
tions like heterostructure ﬁeld effect transistors or light emitters
[49]. The relatively large valance band offset (VBO) value extracted
here would also contribute to suppressing light radiation in the
visible part as it reduces the transport of holes from the CuO to
ZnO [56]. We suggest that the result of this study contributes to
further improvements in solar energy conversion and advanced
nano-optoelectronic devices.
4. Conclusions
In conclusion, vertically aligned ZnO/CuO core-shell hetero-
junction nanowires (NWs) with large area have been successfully
fabricated on a silicon substrate without using any catalyst or seed
layer by combining the thermal CVD and physical vapor deposition
(PVD) techniques. Morphological and structural investigation has
shown that the core ZnO NWs  were grown perpendicularly and
uniformly having diameter in the range of 35–45 nm and length
of about 700–1300 nm,  respectively, while the CuO nanostructure
shell with a thickness of 8 ∼ 10 nm were grown epitaxially onto the
core ZnO nanowires. The optical property analysis has revealed that
the synthesized core-shell heterojunction nanowires possessed
advanced light absorption ability in the visible region, which is
about 18% more absorption as compared to pristine ZnO nanowires.





















































[M.A. Khan et al. / Applied Su
he excellent rectifying behavior with rectiﬁcation ratio ∼57 and
deality factor was found to be 2.3, originating from the 1D coaxial
-n junction diode developed at the interface of core-shell hetero-
unction nanowires. The accurate band offsets (BOs) at ZnO/CuO
eterointerfaces have been measured by X-ray photoelectron spec-
roscopy (XPS) and a type-II band alignment structure were found
t ZnO/CuO interface. The result of this study has contributed to the
dvanced device heterostructures like p-n junctions, which is the
ase of functional nanodevices for the development of new nanos-
ructured phase and is favorable for solar energy conversion and
ptoelectronic applications.
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